We have developed a permeabilized cell system for assaying mouse hepatitis virus-specific RNA polymerase activity. This activity was characterized as to its requirements for mono-and divalent cations, requirements for an exogenous energy source, and pH optimum. This system faithfully reflects MHV-specific RNA synthesis in the intact cell, with regard to both its time of appearance during the course of infection and the products synthesized.
INTRODUCTION
The coronaviruses comprise a group of large enveloped positive-strand viruses with a unique replication scheme. The genomic RNA is about 27 kb in size (Boursnell et al., 1987) and shares many structural features with the genomes of other positive-strand viruses, i.e., it is capped at the 5'terminus (Lai et al., 1982a) , is polyadenylated at the 3' end (Lomniczi, 1977; Yogo et al., 1977) and can function as messenger RNA in vitro (Leibowitz et al,, 1982; Denison and Perlman, 1986) and presumably in vivo as well (Denison and Perlman, 1987) . The translation product(s) of the virion RNA is hypothesized to include the coronavirus-specific RNAdependent RNA polymerase, although this has never been rigorously demonstrated.
In addition to the virion RNA, infected cells contain several other classes of coronavirus-specific RNA (Stern and Kennedy, 1980a; Lai et al., 1981; Leibowitz et a/., 1981; Spaan et a/., 1981) . Lai and co-workers have demonstrated that MHV-infected cells contain a single RNA species of negative polarity which is genome length (198213) . This negative-strand RNA is thought to serve as the template for positive-strand mRNA synthesis. For mouse hepatitis virus (MHV), one of the most extensively studied coronaviruses, there are seven species of MHV-specific mRNA present in infected cells, the largest of which is indistinguishable from virion RNA (Leibowitz et a/., 1981; Lai et a/., 1981; Spaan et a/., 1981) . Structural analyses of these RNAs have shown them to make up a "nested set" with coterminal 3' ends (Leibowitz et al., 1981; Stern and Kennedy, 1980a,b; Lai et a/., 1981; Cheley et a/., 1981;  ' To whom requests for reprints should be addressed. Weiss and Leibowitz, 1983; Spaan et al., 1982) . A unique feature of coronavirus replication is the presence of a common leader sequence of about 70 bases at the 5' end of each message which is present only once (at the 5' end) in the virion RNA (Spaan et a/., 1983; Lai et al., 1983 Lai et al., , 1984 Baric et a/., 1985) . The mechanism of synthesis of all species of coronavirusspecific RNAs is largely unknown.
Progress in studying the details of the synthesis of the MHV mRNAs has been hampered somewhat by the lack of an efficient and easily reproducible in vitro transcription system which faithfully reproduces the events which occur in intact cells. Several groups of workers have demonstrated actinomycin D-resistant RNA polymerase activity in extracts of coronavirus-infected cells. Dennis and Brian (1982) have reported the presence of a membrane-associated polymerase activity in cytoplasmic extracts of TGEV-infected cells. A similar activity has been demonstrated to be present in extracts of MHV-infected cells (Brayton et al., 1982 (Brayton et al., , 1984 Mahey et a/., 1983) . Recently, Compton et al. (1987) have described a system based on an extract from lysolecithin-treated cells. These systems have either been difficult to work with due to their relatively low efficiencies, or they have been hard to reproduce and maintain on a daily basis, or they do not faithfully reflect the pattern of MHV RNA synthesis observed in infected cells.
To circumvent the short-comings of the existing in vitro MHV polymerase systems and to overcome the relative experimental limitations of intact cells, we have taken an approach similar to that used by Condra and Lazzarini (1980) for studying VSV replication. In this paper we report the characteristics of a permeabilized cell system and demonstrate that it incorporates ribonucle-otide triphosphates into RNA molecules which appear identical to the virus-specific mRNAs synthesized in MHV-infected cells.
MATERIALS AND METHODS

Cells and virus
Monolayer cultures of 17CL-1 cells were grown as described previously (Sturman and Takemoto, 1972; Leibowitz et a/., 1981) . The origin and growth of the A59 (MHV-A59) and JHM (MHV-JHM) strains of mouse hepatitis virus have been described (Robb and Bond, 1979) .
Permeabilization of cells and radioactive labeling
Monolayer cultures of 17CI-1 cells were trypsinized and infected in suspension as described previously (Robb and Bond, 1979) at a multiplicity of infection equal to 3 PFU per cell. Infected or mock-infected cells were plated in 35-mm 6-well cluster dishes (Costar) at 2 X 1 O6 cells/well in Dulbecco's modified Eagle's medium (DME) containing 2% fetal bovine serum and incubated at 37". At 3 hr postinfection actinomycin D (Sigma) was added to the cultures at 10 pg/ml to inhibit host DNA-dependent RNA synthesis. At the times indicated for each individual experiment, the dishes were placed on ice and washed twice with serum-free DME. BufferA [50 mMTris, pH 8.0, 4.5 mM MgAc,, 20 mM KCI, 5 mM NaCI, 150 mll/l RNase-free sucrose (Swartz/ Mann Biotech)] was then added to the cultures. For our standard permeabilization conditions, synthetic lysolecithin (L-d-lysophosphatidylcholine, palmitoyl, Sigma) was added to a concentration of 150 pg/ml and the cells were held on ice for 90 sec. Lysolecithin was removed from the cultures by aspirating the buffer followed by one wash with buffer A without lysolecithin. Buffer B was then added to the cultures and the cells were incubated at 37". The make up of buffer B varied, as described under Results, over the course of the work reported here. In our initial experiments buffer B contained 30 mM Tris, pH 8.0, 33 mM NH&I, 5 mM NaCI, 20 mM KCI, 4.5 mM MgAc, , 200 [3H]CTP (ICN) was added at 62.5 &i/ml yielding a final CTP concentration of 4.5 FM. Following incubation at 37" for the indicated times (40 min for most experiments), the reaction was stopped by the addition of an equal volume of 2% sodium dodecyl sulfate (Sigma) to the cultures.
Polymerase activity was assayed by precipitating labeled RNA from replicate cultures by the addition of trichloroacetic acid (TCA) containing 1 Yo sodium pyrophosphate (Sigma) to a final concentration of 5%. TCAinsoluble precipitates were collected on glass fiber filters and extensively washed with 5% TCA, and the TCA-precipitable radioactivity was quantitated by liquid scintillation counting.
Extraction and electrophoresis of RNA
RNA was extracted from cell cultures and permeabilized cells as described (Wittek et al., 1984; Cabirac eta/., 1986) . The cells were dissolved in 8 M guanidium hydrochloride, 0.1 M 2-mercaptoethanol, and 0.2 M sodium acetate, pH 5.0, and the DNA was sheared by passage through a hypodermic needle. The RNA was selectively precipitated overnight by the addition of ethanol to a concentration of 33%. The precipitated RNA was collected by centrifugation and dissolved in 50 mM sodium acetate, pH 5.2, 10 mM EDTA, 1 Yo SDS, 1 mg/ml proteinase K and digested at 37" for 1 hr. After phenol extraction the RNA was ethanol precipitated and collected by centrifugation prior to further analysis. RNA to be analyzed by gel electrophoresis was dissolved in a buffer containing 50% formamide, 4% formaldehyde, 20 mM Mops [3-(IV-morpholino)propane sulfonic acid), 5 mM sodium acetate, 1 mM EDTA, pH 7.0, and electrophoresed in 0.8% agarose gels containing formaldehyde (Lerach et a/., 1977) .
Plasmids
The plasmids used in this work include 9344 (kindly provided by Dr. Susan Weiss, University of Pennsylvania), a cDNA clone of MHV-A59 which encompasses a portion of gene 7 all of genes 5 and 6, and the 3'pottion of gene 4 (Budzilowicz et al., 1985) . Previously undescribed molecular clones of MHV-JHM used in this work are 118-8a, a cDNA clone which extends from the 3' poly(A) of the genome to position 119 in gene 7, a distance of 1648 bases (Spaan et al., 1983) ; 370-1, a cDNA clone extending from the Pvull site at position 1044 of gene 7 (Spaan et al. 1983 ) to the Pstl site at position 2589 of gene 3 (Schmidt et a/., 1987) , a distance of almost 4.05 kbp; 414-8a, which extends from nucleotide 2350 to nucleotide 199 in gene 3 (Schmidt et a/., 1987) ; and 478-38a, a clone which extends from the Ddel site at position 350 in gene 3 into MHV gene 2 for an additional 1.8 kbp. A molecular clone representing the BarnHI fragment K (5.9 kbp) of the leporipoxvirus malignant rabbit fibroma virus (Strayer et a/., 1983a,b) was used as a control for some experiments.
Southern blot hybridization
Plasmids were digested with the appropriate restriction enzyme according to the manufacturer's suggested conditions. The resulting digests were electrophoresed in a 1 o/o agarose gel and transferred to nitrocellulose as described previously (Southern, 1975) . Nitrocellulose filters were probed either with randomprimed cDNA prepared with [32P]dCTP using purified MHV-A59 virion RNA as template (Weiss and Leibowitz, 1983) or with the permeabilized cell reaction products. Hybridization was performed at 42" in 509/o formamide, 3X SSPE, 5X Denhardt's. The filters were washed twice in 0.1 X SSPE, 1% SDS at 20" and then washed four additional times in the same buffer at 50".
RESULTS
Standardization of permeabilization and polymerase reaction conditions
Our initial experiments were geared toward determining the optimal conditions for permeabilizing MHVinfected 17CL-1 cells. Cells were infected with MHV-A59 or mock-infected and incubated until approximately 60% of the cells were involved in syncytia. For the experiments reported here this was usually between 8.5 and 9.5 hr postinfection, a time when MHVspecific RNA synthesis was maximal. At this time the cells were washed as described under Materials and Methods and permeabilized in bufferA containing lysolecithin which was varied in concentration from 20 to 250 pg/ml. After permeabilization the cells were stained with trypan blue to determine the percentage of cells which had been made permeable to the dye at each lysolecithin concentration.
These preliminary experiments demonstrated that a lysolecithin concentration of 150 pg/ml permeabilized virtually all of the MHV-infected cells and greater than 95% of the uninfected cells without making the cells too fragile to withstand the subsequent incubations. Higher concentrations of lysolecithin impaired our ability to subsequently maintain the cells for the polymerase reaction (data not shown). Our standard permeabilization conditions were therefore set at 150 pg/ml lysolecithin.
Once the conditions for permeabilization were es-tablished, we investigated the ability of permeabilized cells, in the presence of actinomycin D, to incorporate labeled precursors into TCA-precipitable material. These initial experiments were pet-formed at a pH of 8.0, 4.5 mh/l Mg2+, 5 mM Na+, 20 mM K+, and 33 mll/l NH,+. These conditions were based upon those used by Brayton et a/. (1982) in a cell-free MHV polymerase system. Permeabilized cells were incubated with [3H]UTP or [3H]CTP in the presence of the three other unlabeled ribonucleotide triphosphafes, actinomycin D, and an energy regenerating system, in buffer B. The amount of TCA-precipitable radioactivity was severalfold greater in MHV-infected cells than in mock-infected controls (data not shown). The synthesis of radioactivity labeled material from labeled ribonucleotide triphosphates required permeabilization; cells in which the lysolecithin treatment was omitted did not incorporate any radioactivity (Table 1 ). The TCA-precipitable material synthesized in permeabilized cells was demonstrated to be RNA in subsequent experiments on the basis of it being completely sensitive to RNase digestion and completely resistant to digestion with DNase ( Table 2) .
The ability of permeabilized, MHV-infected cells to incorporate [c~-~~P]CTP into acid-precipitable material a Samples corresponding to the amount of RNA present in a 35. mm well (for permeabilized cells) or a loo-mm tissue culture dish (in viva labeled cells) were digested with 100 pg RNase A and 10 pg RNase Tl for 60 min at 37" and TCA precipitated in the presence of carrier tRNA.
b Samples identical to those digested with RNase were digested with RNase-free DNase 1 (Promega) for 60 min at 37". ' Infected and uninfected cells were permeabilized at 8 hr postinfection, labeled with [32P]CTP and the cellular RNA was extracted as described under Materials and Methods.
d Infected and uninfected cells were labeled with 100 &i/ml [3H]uridine in the presence of actinomycin D and the RNA was extracted.
was dependent upon adding an excess of ATP as compared to the three other ribonucleotide triphosphates. An ATP concentration of 1 .O mM achieved the best results. Higher levels of ATP made the permeabilized cells extremely fragile and inhibited incorporation (data not shown).
Previous investigators using cell-free systems had demonstrated pH optima for MHV-specific RNA-dependent RNA polymerase activity at 8.4, 8.0, or 7.4, depending upon the system used. To determine the optimum pH for measuring MHV-specific polymerase activity in permeabilized cells, infected and mock-infected cells were permeabilized and assayed for polymerase activity as described above, with the exception that the pH of buffers A and B was varied between 7.0 and 8.4 among replicate cultures. In this assay, incorporation of labeled substrate in the presence of actinomycin D into TCA-precipitable material increased as the pH was raised from 7.0 to 8.4 (Fig. 1) . The increase of polymerase activity as the pH was raised proceeded in a step-wise fashion, with the greatest increment in activity occurring as the pH was increased from 7.2 to 7.4. Further increases in the pH from 7.4 to 8.4 had a relatively small effect upon the activity, with the greatest portion of that increase occurring as the pH was changed from 7.6 to 8.0. The ability of permeabilized cells to synthesize actinomycin D-resistant RNA remained almost constant as the pH was varied from 8.0 to 8.4. Therefore we adopted pH 8.0 for our standard reaction conditions.
The magnesium requirement of MHV RNA synthesis in permeabilized cells was then determined. Infected and mock-infected cells were permeabilized at pH 8.0 and the magnesium concentration was varied from 0 to 9 mM in replicate cultures. As can be seen in Fig. 2 and in Table 1 , there was a strict requirement for Mg*+ in this system. In the absence of Mg*+ the polymerase activity was reduced to 19% of the amount observed at 6.0 mM Mg*+. Although Mg*+ was needed for measuring the MHV polymerase activity in permeabilized cells the optimum was rather broad. The requirement for magnesium cannot be replaced by either Mn*+ or Ca*+ (Table l) , both of which resulted in less activity than that obtained when magnesium was simply omitted from the reaction mix. A magnesium concentration of 6.0 mM was chosen for our standard reaction conditions.
To further optimize the system we next investigated the monovalent cation requirements of the MHV polymerase/permeabilized cell system. Infected and mockinfected cells were permeabilized as described above, except that the pH and magnesium concentration were held constant at 8.0 and 6.0 mM, respectively, and the Naf, K+, and NH,+ concentrations were varied as described below. Initial experiments determined that K+ and NH4+ seemed to be interchangeable in this sys- FIG. 1. Determination of pH optimum for MHV RNA polymerase activity in permeabilized cells. Cells were infected with MHVA59 at a m.o.i. of 3, or mock-infected, and incubated until 8.5 hr postinfection. The cells were permeabilized as described under Materials and Methods. Replicate cultures were assayed for MHV RNA polymerase activity using the original formulation of buffer B (33 mM NH&I, 5 mM NaCI, 20 mM KCI, 4.5 mM MgCIP, as described under Materials and Methods with the exception that the pH was varied between 7.0 and 8.4 among the replicate cultures. After 40 min of incubation the assay was terminated and the amount of radioactivity incorporated into TCA-precipitable material was determined. All data points represent the mean of duplicate samples. The results were calculated by subtracting the amount of radioactivity in mock-infected samples from that incorporated into MHV-infected samples under identical conditions. The results are expressed in arbitrary units with the maximum activity being set at 100. The cells were permeabilized and incubated in a formulation of buffer B which contained 30 rnM Tris, 33 mM NH&I, 5 mM NaCI, 20 mM KCI, pH 8.0, as described under Materials and Methods with the exception that the magnesium concentration was varied between 0 and 9 mM among replicate cultures. At 40 min incubation the assay was terminated and the amount of radioactivity incorporated into TCA-precipitable material was determined. All data points represent the mean of duplicate samples. The results were calculated by subtracting the amount of radioactivity in mock-infected samples from that incorporated into MHV-infected samples under identical conditions.
tern, Na+ was required for activity, and a total monovalent cation concentration greater than 80 rnM resulted in a decrease in polymerase activity (data not shown). The MHV polymerase activity present in permeabilized cells was relatively insensitive to monovalent cation concentrations, as long as the total monovalent cation remained below 80 mn/l. K+ was not required; the omission of K+ from buffer B decreased activity by 5-l 09/o. At concentrations above 80 mM Na+ + K+ the polymerase activity decreased somewhat. We adopted final concentrations of 44 mM Na+ and 20 mM K+ in buffer B for our standard reaction conditions. These concentrations were convenient to use and approximately in the center of the broad optimum concentrations of monovalent cations.
The requirements of the MHV polymerase/permeabilized cell system for various cofactors were determined. As shown in Table 1 , the omission of spermidine decreased the activity to 669/o of that observed with the complete system. There was a requirement for an energy regenerating system; the omission of CPK and creatine phosphate decreased activity to 5 1% of control values. The system also required all four ribonucleotide triphosphates. The omission of either GTP or UTP decreased incorporation of labeled CTP by 83 and 98%, respectively. The omission of both UTP and GTP decreased synthesis by 94% of that observed in the complete system. These results suggested that the activity we were detecting was not a polynucleotide terminal transferase-like activity. Similarly, the ability of permeabilized cells to incorporate radiolabeled CTP as well as UTP into TCA-precipitable material suggests that the polymerase activity we are detecting is not due to the polyuridylate polymerase present in the cytoplasm of mammalian cells (Hayashi and McFarlane, 1979) .
Protease inhibitors and RNase inhibitors have both been reported to increase the RNA-dependent RNA polymerase activity present in extracts of West Nile virus-infected cells (Grun and Brinton, 1986) . We therefore determined the effect of adding PMSF or aprotinin, two protease inhibitors, on the ability of permeabilized MHV-infected cells to direct the synthesis of actinomytin D-resistant RNA. As shown in Table 1 , 50 &I PMSF decreased incorporation of CTP into TCA-precipitable RNA by about 20%. However, aprotinin increased activity by about 20%. We attribute the different effects of these compounds to the much broader spectrum of activity of PMSF, a drug which inhibits most serine esterases (Fahrney and Gold, 1963; Laskowski and Sealock, 1972) . Surprisingly, the addition of placental RNase inhibitor had little effect on RNA synthesis by permeabilized cells.
The effect of ouabain on the MHV polymerase/permeabilized cell system was investigated because of the dependence of the system on an exogenous energy source. Ouabain is an inhibitor of the Na+/K+-dependent ATPase present in the plasma membrane (Ruoho and Kyte, 1974) . We reasoned that after permeabilization this enzyme might be competing with the MHV polymerase complex for ATP. If this hypothesis is true we felt that the addition on an inhibitor of the ATPase to the system might stimulate the MHV polymerase activity. This did appear to be the case. Ouabain at concentrations of 1 and 20 rig/ml increased the polymerase activity to 125 and 131% of that observed in controls. We could not increase the concentration of ATP above 1 mM to directly test the idea that ouabain exerted its stimulator-y effect on MHV polymerase activity by increasing the biologically effective ATP concentration in our reaction since concentrations of ATP greater than 1 mn/l caused the permeabilized cells to detach from the substrate and subsequently disintegrate. We therefore included ouabain at 1 rig/ml and aprotinin at 0.24 TIU/ml in all subsequent experiments.
Characterization of the products synthesized in permeabilized cells
The TCA-precipitable material synthesized in MHVinfected permeabilized cells was identified as RNA by its sensitivity to RNase. It was not sensitive to DNase (Table 2) . To further characterize the RNA synthesized in our system, we extracted RNA from permeabilized cells labeled with [a-32P]CTP and from parallel cultures of intact MHV-infected cells labeled with [3'P]orthophosphate in the presence of actinomycin D. These samples were then analyzed by electrophoresis on a formaldehyde gel. The autoradiograph shown in Fig. 3 illustrates that the relative amounts and sizes of the RNA species synthesized in the permeabilized cells is very similar to the MHV-specific RNAs observed in intact cells.
Further evidence of the virus-specific nature of these RNAs was obtained by Southern blot hybridization. MHV-specific plasmid clones and a plasmid clone derived from the unrelated malignant rabbit fibroma virus were digested with the appropriate restriction enzyme to excise the cloned insert and resolved by agarose gel electrophoresis.
The band at approximately 3.0 kbp (Fig. 4A, lane a) represents the cloning vector pGEM-1. The band at approximately 4.3 kbp (Fig. 4A, lanes be) represents pBR322. The band at approximately 2.8 kbp (Fig. 4A, lane f) represents pUC19. Replicate filters of molecular clones representing the most 3' 10 kb of the MHV genome were hybridized with either randomprimed cDNA synthesized from a purified virion RNA template (Fig. 4B ), RNA extracted from MHV-infected permeabilized cells labeled with [a-32P]UTP after permeabilization ( Fig. 4C ), or RNA prepared from mockinfected permeabilized cells. As expected, the randomprimed cDNA probe hybridized to all of the MHV-specific clones (lanes a-e) and did not recognize the plasmid containing the malignant rabbit fibroma virus BarnHI fragment K (lane f). The labeled RNA synthesized after permeabilization of infected cells also hybridized specifically with the MHV inserts, although it did not give as strong a signal as random-primed cDNA probe (Fig. 4C) . The apparent band at about 3.7 kbp in Panel C, lane e, as artifactual since no DNA is present at that position in the ethidium bromide stained gel. The signal with clones 118-8a and 414-8a was considerably weaker than the signal obtained with the other MHV-specific inserts. We attribute these differences in signal, at least in part, to the lower amount of these two inserts present in the gel (Fig. 4A ). This is also reflected in the relative signals obtained with the random-primed probe. The specificity of the hybridization reaction was confirmed by the lack of hybridization of MHV-infected permeabilized reaction product with an irrelevant plasmid insert (Fig. 4C, lane g) and the failure of permeabilized cell reaction products from mock-infected cells to hybridize with these MHV clones (data not shown). Additionally, the extent of hybridization of the reaction products from permeabilized MHV-infected cells to MHV cDNA clones bound to nitrocellulose circles was similar to that of RNA prepared by labeling intact MHVinfected cells with [32P]orthophosphate in the presence of actinomycin D (data not shown).
Kinetics of synthesis
The time course of incorporation of label in permeabilized cells was determined by preparing replicate cultures of MHV-infected and mock-infected cells, incubating them for 8.5 hr, permeabilizing them using the standard conditions we had developed, and labeling them for the times indicated in Fig. 5 . The accumulation of radioactivity in TCA-precipitable products increases, although not in a linear fashion, over the first 40 min of labeling. After that time the amount of TCAprecipitable radioactive product in the cells decreases dramatically.
The kinetics of the development of the MHV-specific RNA polymerase activity over the course of infection was determined in permeabilized cells. As shown in Fig. 6 , the accumulation of MHV RNA polymerase activity in infected cells (Panel A), as detected by our assay, faithfully mirrored the kinetics of actinomycin Dresistant, [3H]uridine incorporation into TCA-precipitable material (Panel B) during a series of 1-hr pulses. Polymerase activity is first detectable at 5 hr postinfection in these experiments. Subsequent experiments showed that the peak level of polymerase activity in permeabilized cells occurred at 11 hr postinfection (data not shown). Similar experiments with MHV-JHM yielded similar results, although polymerase activity appeared 1 hr later than during MHV-A59 infection. It should be noted that the infection proceeded somewhat slower in the experiments reported here than in our previously reported work (Leibowitz et a/., 1981) .
The reasons for this discrepancy are not known at this time.
DISCUSSION
In this work we report the development and characterization of a permeabilized cell system for assaying MHV-specific RNA polymerase activity. This activity was characterized as to its requirements for mono-and divalent cations, requirements for an exogenous energy source, pH optimum, and its time of appearance during the course of infection. The RNA products synthesized in permeabilized cells were demonstrated to be MHV-specific by agarose gel electrophoresis. The purpose of the present work was to develop and characterize a system for studying the MHV-specific RNA polymerase that was more amenable to experimental manipulations than intact cells. To avoid difficulties in reproducing in vitro the intracellular environment which evolves during MHV infection we elected to pursue a path which would leave as much of the cell machinery in place as possible. The system we have developed has several advantages when compared to the cell-free systems developed by other workers. Although it is difficult to compare the relative efficiencies of different systems due to the different ways in which the experimental results have been presented, we can calculate the amount of RNA synthesized in our system. Using the optimized reaction conditions, one 35mm well of MHV-infected permeabilized cells incorporated about 900 fmol of UMP into MHV-specific RNA. This is estimated to be about fivefold more RNA synthesis on a per cell basis than that obtained from a cell-free extract prepared from permeabilized cells (Compton et a/., 1987) . Other workers using cell-free systems have reported yields on the basis of femtomoles of UMP/h/ mg protein (Dennis and Brian, 1982; Mahey et a/., 1983; Brayton et a/., 1982 Brayton et a/., , 1984 . These have been in the range of 150-400 fmol/hr/mg protein. One 35-mm well of MHV-infected 17CL-1 cells contains about 450 pg of protein, providing a yield on a per milligram basis which is approximately 1800 fmol of UMP/mg protein/ 40 min, a figure which makes it at least four times more efficient than the previously described cell-free systems. There are no data at this time to suggest that our system, or any other MHV polymerase assay, is capable of initiating the synthesis of new strands of RNA.
A second advantage of permeabilized cells for studying MHV RNA synthesis is that the products synthe-sized accurately reflect the RNA species synthesized in intact MHV-infected cells. All seven of the MHV mRNA species are made in approximately the same ratios as they are in vivo. This contrasts with truly cell-free systems in which the RNA products synthesized were not characterized as to the precise molecular species of RNA synthesized (Brayton et al., 1982 (Brayton et al., , 1984 Mahey et a/., 1983) or those in which the major product was genome length (Compton et al., 1987) . Although the reasons for this difference in the RNA products synthesized are unknown, a possible explanation for this observation is the loss of a soluble factor responsible for regulating MHV transcription during preparation of cellfree extracts. Other explanations are possible as well, and additional work is needed to identify putative factors needed for the appropriate regulation of MHV RNA synthesis.
The kinetics of the accumulation of polymerase activitywe observed parallels the increase of actinomycin D-resistant uridine incorporation which occurs during MHV infection. No early peak of polymerase activity or uridine incorporation in intact cells was detected. In this regard our results are similar to those of Compton et al. (1987) and Sawicki and Sawicki (1986) . These results differ from those of earlier workers (Brayton et a/., 1982 (Brayton et a/., , 1984 who detected a peak of polymerase activity at 2 hr postinfection followed by a fall in activity prior to a subsequent increase to maximal levels. The reasons for these differences is not known. It could relate to the different cell lines used by different laboratories 0 2 4 6 6 10
Ham Post hktbl Ham Post hfectii FIG. 6. The accumulation of MHV-specific RNA polymerase activity during infection. Replicate cultures of 17CI-1 cells were infected with MHVA59 (m) or mock-infected (A) and incubated for 2 hr. At that time, and at hourly intervals thereafter, duplicate sets of cultures were either permeabilized and assayed forthe incorporation of radioactive CTP into TCA-precipitable material under standard reaction conditions (A) or exposed to actinomycin D (5 pg/ml) for 15 min and labeled with 100 &i of [3H]uridine for 1 hr and then solublized with SDS and assayed for incorporation of label into TCA-precipitable material (B). or be related to the vastly different reaction conditions that are employed by the different methods of assaying MHV polymerase activity.
The system we have described for assaying the MHV-induced RNA-dependent RNA polymerase activity should prove useful for other workers. It is simple to set up, provides a system which should be amenable to pulse-chase-type experiments, and furnishes a systern where macromolecules such as RNA templates or purified proteins can be added and their effect on MHV synthesis observed. It may also serve as a point of departure for developing a completely cell-free system which better reflects the intracellular synthesis of MHV RNAs than the currently available systems.
